Abstract
Compressed Air Energy Storage (CAES) technologies can be used for load levelling in the electricity supply and are therefore often considered for future energy systems with a high share of fluctuating renewable energy sources, such as e.g. wind power. In such systems, CAES plants will often operate on electricity spot markets by storing energy when electricity prices are low and producing electricity when prices are high. In order to make a profit on such markets, CAES plant operators have to identify proper strategies to decide when to sell and when to buy electricity. This paper describes three independent computer-based methodologies which may be used for identifying the optimal operation strategy for a given CAES plant, on a given spot market and in a given year. The optimal strategy is identified as the one which provides the best business-economic net earnings for the plant. In practice, CAES plants will not be able to achieve such optimal operation, since the fluctuations of spot market prices in the coming hours and days are not known. Consequently, two simple practical strategies have been identified and compared to the results of the optimal strategy. This comparison shows that, in practice, a CAES plant can be expected to earn 80-90 per cent of the optimal earnings.
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Introduction
Compressed air energy storage (CAES) is a modification of the basic gas turbine (GT) technology, in which off-peak electricity is used for storing compressed air in an underground cavern. This air is then heated and expanded in a gas turbine to produce electricity during peak demand hours. As it derives from GT technology, CAES technology is readily available and reliable. Two plants have been constructed in the world so far; one in Germany and one in the USA of 390 MW and 110 MW turbine capacities, respectively. How to design and use CAES for load levelling in the electricity supply has been analysed and discussed for several decades in academic literature [1] [2] [3] [4] . In recent years, CAES has primarily been seen as a means of improving the integration of fluctuating wind power into the electricity supply [5] [6] [7] [8] [9] or it has been compared to other electricity storage options [10, 11] . However, so far the optimisation of CAES operation on electricity spot markets has not been dealt with.
The need for electricity storage technologies, such as CAES plants, increases along with the share of fluctuating renewable energy sources and other units with production restrictions, like e.g. combined heat and power production (CHP). Due to a long period of active energy policy, Denmark has become a front runner in terms of energy supply [12] [13] [14] [15] . At present, the wind power share is 20 per cent and CHP meets 50 per cent of the electricity demand. Consequently, a number of different technologies have been analysed and considered in the Danish system [16] [17] [18] [19] [20] [21] and by year 2004, it was decided to change the regulation of distributed CHP plants. Such plants used to be operated by applying a fixed triple tariff. However, they are now operated according to the terms on the Nordic electricity market, where electricity price variations reflect the actual production of wind and other sources. Consequently, the optimisation strategies for such CHP market operation have been developed and discussed [22, 23] . If CAES technologies are to become part of the energy system, such plants will have to operate on the same market. However, so far proper market optimisation strategy tools have not been developed for CAES plants.
This paper is divided into two main sections. The first section aims at identifying the theoretical maximum net operational profit of a specified CAES plant given deterministic electricity system prices. This optimisation problem is approached from three different perspectives, and the results are compared in order to ensure their uniqueness. In practice, however, CAES plants are not able to achieve such optimal operation, since the fluctuations of spot market prices in the coming hours and days are not known. Consequently, two simple practical strategies have been identified and compared to the results of the optimal strategy. The optimisation does not directly take into account the extra ancillary service payments that a CAES plant can achieve. However, by using historical regulating market prices along with the corresponding regulating power demand time series, the potential extra income can be estimated.
A simple mathematical model for the CAES plant was developed for the optimisations. In this model, the operations of the individual compressor and turbine units were described using isentropic efficiencies. In addition to the compressor, turbine, and storage capacities, three main performance indicators were used to describe the performance of the plant:
-The compressor efficiency ( η c ) defined as the energy storage input divided by the power input to the compressor 3 -The turbine storage efficiency ( η t ) defined as the power output of the turbine divided by the energy storage output. -The fuel ratio ( η ratio ) defined as the fuel input to the turbine per electricity output The plant model permits the simultaneous operation of the compressor and the turbine, a phenomenon that can be economically feasible from an operational point of view, especially when electricity prices are high (See fig 1) . This, however, does not take into account the extra investment costs related to the simultaneous operation.
Optimal Operation Strategy Methodologies
The optimal operation strategy has been identified by using the following three independent computer-based tools and methodologies:
-Dynamic programming -energyPRO software designed for business-economic operation of single plants (CHP etc.) -EnergyPLAN software designed for energy market system analysis of national energy systems
Dynamic programming
Dynamic programming is a well-known mathematical method for optimisation of separable problems. It is well suited for the optimisation of nonlinear problems with a relatively low number of constraints. In the present case, the prerequisites for the method are fulfilled and the method has been applied in order to find the best operation strategy for the defined CAES plant.
The actual implementation of the method is done by defining one or more initial charges of the storage and requiring the same storage level at the end of the optimisation period. For each hour of the year, the method proceeds to find the best operation strategy. It selects the possible operating modes in order to reach the possible charges at the next hour. If the storage reservoir is not close to being either full or empty, four operation modes are possible:
1. No operation at no net income and no storage level change 2. Compressor operation at a negative net income equal to the electricity cost at the given hour and an increased storage level 3. Turbine operation at a net income of the electricity cost minus the natural gas cost and a decreased storage level 4. Simultaneous operation of compressor and turbine at a net income of the net electricity cost minus the gas cost and no storage level change If the storage is close to a limit, neither mode 2 nor 3 will be possible solutions.
At the next hour, a number of storage charges can be reached. Each of these levels may be reached from one or more of the charges at the present hour. The net income of each of the possible charges is calculated and the best obtainable net income, which stays at this level during the next hour, is stored. For each possible storage level at each hour, the only information that needs to be stored is the best net income and the operating mode used in order to reach this level. The complete optimisation method has been implemented in Python (www.python.org) in less than 100 lines of code.
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During operation, the store pressure will vary and the compressor and turbine may experience off-design operation conditions. However, in the present study, the efficiency of the machines is assumed to be constant. This is considered a valid approach as the overall pressure ratio does not change considerably. The compressor train is divided into several stages of intercooling in such way that each compressor will operate close to the design point. The turbine will always operate at its design point as the inlet is throttled to have a constant inlet pressure. Calculations in [24] show that the efficiency of the turbine process is not significantly decreased due to the throttling.
Energy plant operation and design tool (energyPRO)
The energyPRO is a modelling software package used for the combined technoeconomic design, analysis and optimisation of plants. Cogeneration and trigeneration as well as other types of complex energy projects involving energy storages can be modelled in energyPRO. The method for calculating the optimal operation of CAES plants in energyPRO is illustrated by a CAES plant operated according to spot prices in Western Denmark in 2003.
In an energyPRO market optimisation, the market prices of an entire year are divided into an unlimited number of market price intervals, each interval containing a number of hours at which the spot prices are situated. In the Operation strategy window, you will find a matrix showing the names of the production units vertically and the names of the market price intervals horizontally. You put in priority numbers in this matrix in order to determine in which order the production units shall produce.
The mathematical solver in energyPRO will test all available possibilities for a production unit to produce at hours and within a certain price interval, taking into account all restrictions in demand and energy storage. Then, it will continue to test productions of lower priority. One should keep in mind that productions in this way are planned non-chronologically, making it necessary for the energyPRO to conduct thorough controls and make sure that new productions do not disturb future and already planned productions.
When optimising a CAES plant in energyPRO, this non-chronological way of planning is used in an indirect manner. The compressor is divided into two production units, "Compressor operation" and "CANCEL compressor operation". The production unit "Compressor operation" is given top priority. This has the effect that the compressor is assumed to be running at all hours of the year producing compressed air to the storage.
When the production unit "CANCEL compressor operation" is brought into effect, it consumes exactly the amount of compressed air produced by the compressor. This means that when activating the "CANCEL compressor operation" unit in a certain time period, the compressor does not operate during that period.
The order in which the turbine and the "CANCEL compressor operation" unit shall be operated in the different market price intervals is found from the marginal production cost graph in Fig. 2 . An example of this order would be as follows: Before the turbine produces at a market price of 200 DKK/MWh, the "CANCEL compressor operation" unit must be activated at market prices above 80 DKK/MWh. This sequence will make sure that the compressed air used by the turbine at a market price of 200 DKK/MWh originates from the compressor when prices are above 80 DKK/MWh.
Energy system analysis tool (EnergyPLAN)
The EnergyPLAN model is a general energy system analysis tool designed for the analysis of regional or national energy systems. It is an input-output model. Inputs are data on capacities and efficiencies of the energy-converting units of the system as well as available fuels and renewable energy sources. Hour by hour the model calculates how the electricity and heat demands of the complete system will be met under the given constraints and regulation strategies. The model concentrates on the electrical system but it also incorporates other parts which interact with this system. The result of the calculation is a detailed knowledge on the production of the different units. From this, fuel consumption can be calculated. Subsequently, the socio-economic costs and CO 2 emissions of a production meeting the demands of society can be found. The model has previously been used in a number of energy system analysis activities, including expert committee work for the Danish Authorities [25] , and the design of 100 per cent renewable energy systems [26] . More information on the model can be found in [27, 28] . The present version 7.0 of the EnergyPLAN model including documentation can be downloaded free of charge from the following home page: www.EnergyPLAN.eu.
In general, the EnergyPLAN model has a focus on system analysis, i.e. the analysis of national or regional energy systems. However, the model also enables a businesseconomic analysis of individual plants in the case of electricity storage systems with a special focus on CAES plants. The methodology used for identifying the optimal operation strategy is the following:
The key principle is based on the fact that in order to make a profit the market price of selling, P sell, has to be higher than the marginal cost of producing one unit of electricity, MC prod :
The marginal production cost is defined by the marginal operation cost, the natural gas price and the price of buying electricity for the compressor. MC prod , is found by applying the following formula:
MC prod = P Ngas η ratio + MC t + [(P buy + MC c ) / (η c η t )]
Where: -η c is the compressor efficiency -η t is the turbine storage efficiency defined as the power output per unit of energy storage input. -η ratio is the fuel ratio defined as the fuel input to the turbine per electricity output -MC c is the variable operational cost of the compressor -MC t is the variable operational cost of the turbine -P Ngas is the average annual natural gas price -P buy is the average hourly electricity price for the compressor.
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At some hours with very high electricity prices, it sometimes pays to bypass the storage while operating the compressor and the turbine at the same time. Such operation is included in the strategy and allows the compressor and turbine to operate simultaneously during the same hour, in case the storage reservoir is empty.
The optimal operation strategy aims at finding the maximum theoretical operational income given a deterministic annual electricity price time series. The algorithm can be summarised by repeating the following 7 steps: 1) Identify the hour of the maximum electricity price (MAXhour) in the spot market price series. Such hour is given priority when operating the turbine. (In the following iterations, hours already identified are disregarded and the hour of the remaining maximum price is picked).
2) Identify the storage boundaries around MAXhour. Running the turbine at MAXhour will have to be compensated for by running the compressor in such a way that the storage boundaries are not compromised. In this step, the hours before and after MAXhour are examined. In the time period after MAXhour, the storage has to be charged before the storage reservoir is empty. Similarly, in the time period before MAXhour, the storage reservoir has to be charged after it is full. Consequently, the period between the last hour of full storage before MAXhour and the first hour of empty storage after MAXhour is identified. This range constitutes the time space in which recharging/discharging is possible. The range can very well constitute only the MAXhour itself, in which case the plant may operate in the bypass mode.
3) Identify the minimum electricity price within the range defined in step 2. Such hour is given priority when operating the compressor. (In the following iterations, hours already identified are disregarded and the hour of the remaining minimum price is picked).
4) Calculate the marginal operating cost (MC prod ) based on the minimum price (P buy ) found in step 3. The marginal production cost (MC prod ) is calculated according to the equation described above. If the maximum electricity price (P sell ) found in step 1 is higher than the marginal production cost (MC prod ), the calculation proceeds to step 5.
5) Determine the "operation bottlenecks" in the range between the maximum and minimum prices. In the case that one hour of compressor operation is compensated for by exactly one hour of turbine operation there is no bottleneck. Otherwise, the turbine and/or the compressor may have to partly load and the bottleneck is identified as the minimum of the following 4 considerations: a. Available turbine capacity at the maximum price hour. b. Available compressor capacity at the minimum price hour. c. The minimum free storage space if the compressor operation takes place before the turbine operation. d. The minimum storage content in case the compressor operation succeeds the turbine operation. 7 6) Operate the turbine at the hour of maximum price and the compressor at the hour of minimum price by the capacity determined in step 5 and update the storage content. In case the turbine has reached its full capacity, the hour is disregarded in the following iterations. Similarly, in case the compressor has reached its full capacity.
7) Iterate back to step 1 until the period of one year is completed.
To illustrate the algorithm of the strategy, an example is shown in figure 3 for a CAES plant comprised by a 216 MW compressor, a 360 MW turbine and a 1478 GWh storage. In such system, the rates of air compression and expansion are equal. This permits an equal number of compression and expansion hours, and such case is presented here for illustration purposes. The algorithm is, however, capable of dealing with unequal compression and expansion rates. Figure 3 shows the Nord Pool 2005 electricity prices (upper diagram) used in the simulation of the CAES plant operation during various iterations (the next three diagrams). After the first iteration, it is seen that the maximum price is reached around hour 4000, and the turbine is operated during that hour. The compressor is operated during the minimum price hour (in this case hour 32) within the time range that does not violate the storage constraint (in this case all hours before hour 4000).
After 18 iterations (next diagram), the turbine is operated at the 18 hours with the highest prices, while the compressor operates at the 18 hours with the lowest prices. In year 2005, the lowest price hours are concentrated at the beginning of the year.
After 100 iterations (last diagram), the CAES plant operation is distributed over the year as the price maximums and minimums are utilised. Note the correlation between the operation hours and the electricity prices at the top of the figure. The simulation continues until all hours with feasible operation prices are utilised.
As can be seen, the EnergyPLAN algorithm permits partial load operation. However, in most cases part load can be implemented as full load in part time. If e.g. the turbine is operated in three full load hours followed by 50 percent part load in one hour, the same income can be achieved by operating the turbine full load during three and half an hour.
Practical operation strategies
In practice, CAES plants will not be able to implement the above-mentioned optimal operation strategies, since the fluctuations of spot market prices in the coming hours and days are not known for a whole year. However, the EnergyPLAN model includes two additional strategies, which can be implemented: -Practical historical strategy, in which decisions on buying and selling electricity are solely based on the knowledge of the average price of a certain historical period, e.g. 24 hours; -Practical prognostic strategy, in which buying and selling electricity are based on the average price of the coming e.g. 24 hours. Such a strategy requires the presence of good price prognoses. The concept behind the prognostic strategy is to take the average price of an upcoming user-specified period and bid on the market correspondingly. The bid on the market 8 occurs in such way that the price difference between the buying and bidding prices is equally distributed around the average price. Figure 4 demonstrates this concept for a 24-hour period. The centre line represents the price average for the shown 24 hourperiod. Based on that, the distances to the two other lines are calculated.
The distance between the minimum/maximum lines and the average price, ∆P, can be calculated analytically using the following equation:
P is the average price over the given period and K is a constant that includes the variable operational costs and fuel costs:
It is noted here that the price average, _ P , is a flexible average and is updated on an hourly basis, as opposed to a fixed average over the specified period. This implicitly assumes the ability of the system operator to update market bids on an hourly basis. Again, the bypass of the storage at hours with very high electricity prices is included in the strategy, and allows the compressor and turbine to operate simultaneously during the same hour in case the storage reservoir is empty.
The practical historical strategy is similar to the prognostic strategy with the only difference that the average price is based on the previous 24 hours instead of a price prognosis for the upcoming hours.
Results
The three different methodologies for identifying optimal operation have been tested on the CAES plant defined in table 1. Such plant represents "state-of-the-art" technology. The compressor and turbine capacities correspond to an air flow of 400 Kg/s. The storage size is based on a 700,000 m 3 cavern operating between 60 bars and 80 bars [24] at an average wall temperature of 35˚C [29] .
The marginal operation costs are based on typical variable costs of running turbines and compressors. The number of start-ups has been taken into account. Typically, the identified strategies show an average annual number of start-ups below 1 start/day. To some extent, the variable costs include maintenance costs, since such costs depend on the equivalent number of operational hours.
For the reference year of 2003, the average annual price of German natural gas is approximately 92 DKK/MWh. For simplicity and as the price tends to increase, it is chosen to use the price of 100 DKK/MWh (equal to approximately 13 EUR/MWh).
With regard to the choice of spot market electricity prices, the consideration has been to choose a challenging year in terms of model performance. The annual results of running the three models are shown in table 2. As seen, all models come to exactly the same results. It should be noted, however, that the input numbers have been adjusted slightly in order to achieve exactly the same results in such detail. First, the capacities were chosen on the assumption that full hours of compression and expansion are needed in order to completely fill or empty the storage. This permits a comparison between the models, where the dynamic programming algorithm permits partial load operation, as mentioned earlier. Consequently, the input efficiencies have been expressed in many decimals in order to meet this assumption. Secondly, as described before, the energyPRO model makes use of price intervals, and in order to identify such price intervals without defining too many, the input spot market prices have been rounded to integer. However, with these small adjustments, as shown, the three models come to exactly the same results when based on exactly the same inputs.
When comparing the results on an hourly basis, it can be seen that the results revolved around the same optimal solution. The only difference is that, in series of hours with exactly the same price (which is the case in 2003 for the price level zero), the three models choose to fill the storage at different hours. However, in the end, the solutions are exactly the same.
In table 3, the two practical optimisation strategies are compared to the theoretically optimal strategy. As one can see, the practical historical strategy results in a net earning of approximately 80 per cent and the prognostic strategy in approximately 90 per cent of the optimal earnings. It should, however, be emphasised that the results do depend on the specific price variations of the specific year. Additional analyses on historical spot market prices in the period from 2001-2006 demonstrate that the annual net earnings vary significantly between the years. Still such analyses show that the practical net earnings are likely to be in the range of 80 to 90 per cent compared to the optimal earnings [30] .
Conclusion
Compressed Air Energy Storage technologies can be used for electricity balancing in future energy systems with a high share of fluctuating renewable energy sources such as e.g. wind power. In such systems, CAES plants will often operate on electricity spot markets by storing energy when electricity prices are low and producing electricity when prices are high. In order to make a profit on such markets, CAES plant operators have to identify proper strategies to decide when to sell and when to buy electricity. This paper has described three independent computer-based methodologies for identifying the optimal operation strategy for a given CAES plant, on a given spot market and in a given year. The optimal strategy is defined as the one which will provide best business-economic net earnings for the plant. Applied to a specific CAES plant following the spot market prices of Western Denmark on the Nord Pool market in 2003, all three methodologies have identified the same operation strategy as the optimal one.
In practice, CAES plants will not be able to achieve such optimal operation, since the fluctuations of spot market prices in the coming hours and days are not known. Consequently, two simple practical strategies have been identified. Both strategies are based on an estimate of the average price and a calculation of the price difference required between buying and selling electricity in order to make a profit. The plant efficiencies and the natural gas price are taken into consideration in this calculation. In one strategy (historical), the estimate of the average price is simply made on the basis of the price during the former 24 hours. In the other (prognostic), the average is calculated on the basis of a good price prognosis. The results of the two practical strategies have been compared to the results of the optimal strategy showing that, in practice, a CAES plant is likely to be able to earn 80-90 per cent compared to the optimal earnings. 
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